We report an experimental study of the CoFe 2 O 4 /CoFe 2 nanocomposite, a nanostructured material formed by hard (CoFe 2 O 4 ) and soft (CoFe 2 ) magnetic materials. The precursor material, cobalt ferrite (CoFe 2 O 4 ), was prepared using the conventional stoichiometric gel-combustion method. The nanocomposite material was obtained by reducing partially the precursor material using activated charcoal as reducing agent in air and argon atmospheres, at 800 and 900 o C respectively. The magnetic hysteresis loops demonstrate that, in general, prepared nanocomposite samples display single magnetic behavior, indicating exchange coupling between the soft and hard magnetic phases. However, for nanocomposite samples prepared at higher temperatures, the hysteresis measurements show steps typical of two-phase magnetic behavior, suggesting the existence of two non-coupled magnetic phases. The studied nanocomposites presented coercivity (H C ) of about 0.7 kOe, which is considerably lower than the expected value for cobalt ferrite. A huge increase in H C (>440%) and maximum energy product (about 240%) was obtained for the nanocomposite after high energy milling processing.
Introduction
The magnetic ferrites like M 2+ Fe 2 3+ O 4 (M = Ni; Co, Fe, Li, Mn, Zn, etc.) have been used for several applications such as high-density magnetic storage [1] , electronic devices, biomedical applications [2] [3] [4] , permanent magnets [5] and hydrogen production [6] . Among the hard ferrites the CoFe 2 O 4 (cobalt ferrite)
plays an important role, presenting promising characteristics such as high magnet-elastic effect [7] , chemical stability, electrical insulation, moderate saturation magnetization (M S ), tunable coercivity (H C ) [8] [9] [10] [11] and thermal chemical reduction [6, 12, 13] . However, for permanent magnet applications the parameters M S and H C are of fundamental importance, defining the quantity called as the figure of merit for permanent magnets, the energy product (BH) max . This quantity tends to increase with increasing of both quantities. The (BH) max is an energy density (independent of the mass) that can be simplified as a measure of the maximum amount of magnetic energy stored in a magnet.
The tunable behavior of coercivity in cobalt ferrite allows the increase in H C [8, 11] , and numerous methods as thermal annealing [9] , capping [10] and mechanical milling treatment [8, 11] have been used to this purpose. For powdered cobalt ferrite materials, the highest coercivity achieved so far is 9.5 kOe, reported by Limaye et al. [10] through capping the nanoparticles with oleic acid. However, in that work, saturation magnetization decreased to 7.1 emu/g, a value about 10 times less than that expected for uncapped nanoparticles. On the other hand, Liu et al. [11] Ponce et al. [8] and Galizia et al. [14] 
The symbol Δ indicates that thermal energy is necessary in the process.
According to the reduction process indicated in eq. (1), two moles of carbon are enough to convert all CoFe 2 O 4 in CoFe 2 but, in practice, this does not happen. In this previous work [13] , the reduction process was done using a powder of the mixture (cobalt ferrite plus carbon) in air and/or controlled inert atmosphere (argon). In all cases the mastering of the process was difficult and, in a sample treatment in argon atmosphere with 2 molar of C, only about 40% of CoFe 2 O 4 was converted in CoFe 2 . The main reason making difficult the control of the reduction process was attributed to the reaction of carbon with oxygen in air or with residual oxygen in the "inert" atmosphere [13] .
Trying to solve these problems, in this work, we used a slightly different procedure to obtain the 
Experimental
The nanostructured cobalt ferrite precursor material was prepared using a conventional gelcombustion method as described in reference [19] . High-purity (99.9%) raw compounds were used.
Cobalt nitrate and iron nitrate (VETEC, Brazil) were dissolved in 450 ml of distilled water in a ratio corresponding to the selected final composition. Glycine (VETEC, Brazil) was added in a proportion of one and half moles per mole of metal atoms, and the pH of the solution was adjusted with ammonium hydroxide (25%, Merck, Germany). The pH was tuned as closely as possible to 7, taking care to avoid precipitation. The resulting solution was concentrated by evaporation using a hot plate at 300 °C until a viscous gel was obtained. This hot gel finally burnt out as a result of a vigorous exothermic reaction. The system remained homogeneous throughout the entire process and no precipitation was observed. Finally, the as-reacted material was calcined in air at 700 °C for 2 h in order to remove the organic residues.
The nanocomposite was obtained mixing cobalt ferrite with activated charcoal for three different powder with excessive quantity of carbon (1:24) was also prepared and thermally treated in a tubular furnace at 900 °C in argon atmosphere. For elucidation, the sample naming used in this work follow a simple labelling rule, for example, the name CFO-5C-800 indicate that 5 moles of charcoal was used during thermal reduction process of the sample and that it was thermally treated at 800 °C.
A Spex 8000 high-energy mechanical ball miller, with 6 mm diameter zirconia balls, was employed for the milling processing of all samples, aiming exclusively to increase their H C . The processing time was 1.5 h for all samples, using ball/sample mass ratio of about 1/7. Detailed milling conditions are described in Ponce et al. [8] .
The crystalline phases of the nanocomposite were identified by X-ray diffraction (XRD), using a Shimadzu XRD-6000 diffractometer installed at the Laboratório Multiusuário de Técnicas Analíticas (LaMuTA/ UFMT-Cuiabá-MT-Brazil). It is equipped with graphite monochromator and conventional Cu tube (0.154184 nm), and works at 1.2 kW (40 kV, 30 mA), using the Bragg-Brentano geometry.
Magnetic measurements (hysteresis loops at 300 and 50 K) were carried out using a vibrating sample magnetometer (VSM) model VersaLab Quantum Design, installed at CBPF, Rio de Janeiro, Brazil.
Results and discussion
It is well known that the magnetic behavior of CoFe 2 O 4 is quite different from that found for CoFe 2 .
The former is a hard ferrimagnetic material with maximum M S of about 70 emu/g while the second is known to be a soft ferromagnet with M S of about 230 emu/g [20] . Consequently, in the case of nanocomposite formation presenting magnetic coupling, one can assume an intermediate magnetic To understand how the cationic redistribution could affect the M S is necessary to know the cobalt ferrite crystalline structure and its distribution of magnetic ions. The CoFe 2 O 4 is a ferrimagnetic material that has an inverse spinel structure with three magnetic sites per formula unit. The CoFe 2 O 4 structure can be summarized by [21] :
In this representation, the round and the square brackets indicate A (tetrahedral coordination of four The coercivity observed for all samples was very similar, and close to 0.7 kOe, a value smaller than those obtained by Cabral et al. [12] and Leite et al. [13] . In other words, this value is lower than that expected for a pure cobalt ferrite and higher than that expected for pure CoFe 2 and, consequently, in agreement with the formation of the composite CoFe 2 O 4 /CoFe 2 .
To perform a more detailed investigation about the differences between the shapes of the hysteresis curves obtained from samples prepared at 900 °C, the hysteresis loops were also measured at low temperature (50 K). These measurements are shown in figure 2 . The low temperature hysteresis enhances the visualization of the behavior observed at room temperature (300 K). For example, the hysteresis curves obtained for samples CFO-2C-900 and CFO-1C-900 present a typical two-phase magnetic behavior, and the hysteresis curve obtained for sample CFO-5C-900 presents a single-phase magnetic behavior, suggesting the coupling between the different magnetic phases present into the sample. The derivative of the hysteresis curve (first quadrant decreasing field only) confirms our assumption ( figure   2C ), because the two-phase magnetic behavior is characteristic of two magnetic phases coexisting without exchange coupling between them. Similar behavior was observed by Sun et al. [23] .
Nanocomposites with exchange coupling or exchange spring present single magnetic phase behavior [15-17, 24, 25] , however, these effects depend on the crystallite size of the compounds. Zeng et al. [18] showed the single magnetic phase behavior can vanish, to the same nanocomposite, depending of the relative size of the compounds, resulting in two-phase behavior.
Interestingly, the two-phase magnetic behavior was not observed in samples prepared at 800 °C, even in the low temperature hysteresis curves, see figure 2B . This result reinforces our assumption that nanoparticles coalescence is the driving force towards the two-phase magnetic behavior. More visible effects of coalescence are expected to samples treated at higher temperatures, with consequent increase in crystallite size.
An additional aspect observed in 50 K hysteresis loop is the huge increase in coercivity. This effect was also observed by other authors [13, 26] . However, it is more significant in samples with single magnetic behavior presenting H C close to 5kOe (see figures 2A and 2B). In samples presenting two-phase behavior the coercivities were considerably smaller, i.e., 2.4 kOe for CFO-2C-900 and H C = 1.8 kOe for sample CFO-1C-900 ( figure 2A) . A work studying this effect is under development. Liu and Ding [11] have shown that is possible to obtain a noteworthy increase in coercivity of cobalt ferrite powder via high-energy mechanical milling. Moreover, Ponce et al. [8] extended this method to nanostructured powders using specific milling parameters. Although, we could have had milled the cobalt ferrite to obtain a high coercivity CoFe 2 O 4 , but the thermal treatment at 800 or 900 °C used to obtain the nanocomposite CoFe 2 O 4 /CoFe 2 is known to decrease strain and structural defects and, consequently, also decreasing H C [19] .
Aiming to obtain a similar effect for the nanocomposite CoFe 2 O 4 /CoFe 2 , the samples CFO-2C-800
and CFO-1C-800 were milled using the same milling conditions described in the reference [8] . The result of the milling process to the sample CFO-2C-800 is shown in figure 4 , a huge increase in H C of samples CFO-1C-800 (not shown) and CFO-2C-800 was obtained, showing that the effect obtained after milling in pure CoFe 2 O 4 (a decrease of M S and an enormous increase of H C ) can also be achieved in the CoFe 2 O 4 /CoFe 2 nanocomposite. Specifically, in the case of sample CFO-2C-800, the coercivity at room temperature increased from 0.7 to 3.8 kOe and, as a consequence of the change in H C , (BH) max increased from 0.32 to 1.1 MGOe at room temperature and to 2.6 MGOe at 50K. The magnetic parameters for the sample CFO-2C-800 before and after milling are presented in table 2. This is a very interesting result, since the high-energy milling procedure used in this work allows to obtain nanostructured powder with high (BH) max . Table 2 -Magnetic parameters obtained for sample CFO-2C-800, at 300 K before milling and at 300 and 50 K after milling process. Figure 3 presents a clear decrease of M S after milling, this effect is associated to the decrease of the mean crystallite size due to the milling process [8, 11, 14] . The reduction of the crystallite size increases the number of surface magnetic ions and the canting effect of these surface ions is responsible for the decrease in M S . XRD experiments were also performed, in order to obtain diffraction patterns from cobalt ferrite samples before (pristine sample) and after thermal treatment at 800 and 900 °C in air and argon atmosphere respectively, as shown in figure 4 . The inset of figure 4 presents the x-ray diffraction pattern of the pristine sample and a refinement using Match software (solid line). The only objective of this refinement is to show that pristine cobalt ferrite is monophasic.
The comparison between XRD patterns before and after thermal treatment at 800 °C show no visible significant differences, except for the narrowing of the peaks after thermal treatment. Such narrowing is usually related to the reduction in quantity of defects, improvements in the crystal lattice distortion around defects (local strain) and/or, consequently, to the increase of the mean crystallite size of the material [27] . stoichiometry is common in a chemical process of synthesis, due to the hygroscopic nature of the reagents used in the process and, if necessary, can be eliminated changing in a few percent the cobalt and/or iron nitrate masses used in the synthesis. Consequently, these small peaks do not indicate partial reduction of the material (formation of CoFe 2 ) and, also, the CoO phase does not contribute to hysteresis curve because it is antiferromagnetic [28] .
Therefore, we associate the two-phase behavior to the increase in the mean crystallite size. This assumption agrees with the behavior of the mean crystallite size in function of the thermal treatment temperature obtained from Scherrer equation (table 3) .
The absence of x-ray diffraction peaks related with CoFe 2 phase in the patterns shown in figure 1 agrees with results obtained by Zhang et al. [15] . These authors, using a similar process, could not , a mixture powder with an extreme quantity of carbon (1:24) was also prepared and thermally treated in a tubular furnace at 900 °C in argon atmosphere. The XRD pattern of sample CFO-24-900 is shown in figure 5 together with the theoretical diffractogram expected for a pure CoFe 2 sample.
The result suggests that something between an almost total and a total conversion of CoFe 2 O 4 into CoFe 2 took place. Finally, on the difficulty reported here, and in previous work [13] , in attempting to master the reduction process, this last result indicate that a greater amount of carbon has to be used to achieve larger conversion efficiency, even in inert atmosphere. Future investigations are needed to improve reduction process efficiency of CoFe 2 O 4 in CoFe 2 , in order to evaluate the magnetic behavior of the nanocomposite with higher CoFe 2 content.
Conclusion
We use a new procedure to obtain the CoFe 2 O 4 /CoFe 2 nanocomposite. Despite the XRD patterns suggesting that CoFe 2 is not formed, magnetic measurements indicate that nanocomposite are obtained, however with small amount. The preparation method of the nanocomposite at 900 o C produces samples with two magnetic phase behavior and a third phase was observed the antiferromagnetic cobalt oxide
CoO. This behavior was not observed in samples prepared at 800 o C, indicating an exchange coupling between the magnetic phases.
The most important result of this work is to show that H C of the CoFe 2 O 4 /CoFe 2 nanocomposite can be increased using the same milling method employed previously to cobalt ferrite. As a consequence, we obtained a sample that reached an increase in (BH) max of about 240%, but future investigations are needed to evaluate the magnetic behavior of the nanocomposite with higher CoFe 2 content.
